Recently, the origins and pathways of cere brovascular acetylcholine-and vasoactive intestinal poly peptide-containing nerves have been elucidated in detail in the rat: The sphenopalatine ganglion is the major source for postganglionic parasympathetic fibers to the vascular beds of the cerebral hemispheres. To clarify the functional role of the nerves on cerebral blood vessels in vivo, brain cortical microvascular blood flow was mea sured in rats during electrical stimulation of these partic ular postganglionic fibers. Animals were subjected to transection of the right nasociliary nerve 2 weeks before the flow measurements to eliminate activation of pepti dergic sensory fibers. Relative change in microvascular blood flow was continuously recorded by a laser-Doppler flowmeter system under a-chloralose anesthesia. The postganglionic fibers were electrically stimulated just proximal to the ethmoidal foramen by a bipolar platinum electrode (5 V; 0.5 ms; 3, 10, 30, 60 Hz; as a continuous stimulation for 90 s). Stimulation at 10 Hz induced a Cerebral blood vessels are well supplied with sympathetic, parasympathetic, and sensory nerve fibers (for refs. see Owman et aI., 1986Owman et aI., , 1988. The origin and distribution for the sympathetic nerves are well defined, whereas corresponding informa tion for parasympathetic nerves has been sparse un-
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til recently. The greater superficial petrosal nerve (GSPN) has been suggested as the major pathway for the cerebrovascular parasympathetic nerves based on studies in rat, cat, dog, and monkey (Chorobski and Penfield, 1932; Cobb and Fine singer, 1932; D'Alecy and Rose, 1977; Vasquez and Purves, 1979) , with the assumption that fibers from the GSPN reach the internal carotid artery at its junction with the nerve. However, the effects of section or stimulation of this nerve on cerebral blood flow have been controversial (see Busija and Heistad, 1981; Scremin et aI., 1983) . Until recently it has not been known whether the GSPN carries pre-or postganglionic nerve fibers to the cerebral blood vessels. The origins and pathways of nerves contammg immunoreactive vasoactive intestinal polypeptide (VIP) and choline acetyltransferase (ChAT) in rat have been elucidated in detail (Hara et aI., 1985; Hara and Weir, 1986; Suzuki et aI., 1988 Suzuki et aI., , 1990b . It has become evident that the sphe nopalatine ganglion is the major source for postgan glionic fibers to the vascular beds of the cerebral hemispheres. There is no contribution from the ge niculate ganglion (Suzuki et aI., 1988 (Suzuki et aI., , 1990b . Thus, previous attempts to section or stimulate the para sympathetic pathways have been restricted to the preganglionic nerve fibers in the GSPN, which pro vides a nonselective approach to the cerebrovascu lar innervation. Stimulation of the sphenopalatine ganglion itself (Seylaz et aI., 1988) in order to acti vate cerebrovascular parasympathetic nerves will influence also other extracranial vascular beds as well as trigeminal sensory fibers traveling through that ganglion, with the risk of increases in cerebral blood flow secondary to pain perception.
The present study was undertaken to clarify the more precise functional role of the parasympathetic nerves in affecting flow within the brain. Cortical blood flow (CoB F) was measured during electrical stimulation of postganglionic nerve fibers from the sphenopalatine ganglion by the laser-Doppler tech nique. The e4C]butanol sampling method was, in addition, applied to obtain absolute values of flow under control conditions. The postganglionic fibers enter the cranial cavity through the ethmoidal fora men (EF) to follow the dura mater of the frontal skull base, after which they reach the blood vessels at the base of the brain. Trigeminal pain fibers, in nervating the cerebrovascular bed with vasodilative substance P (SP)-and calcitonin gene-related pep tide (CGRP)-containing fibers, also pass together with these postganglionic parasympathetic fibers through the EF (Suzuki et aI., 1989b) . Since the only practically available site for stimulating the postganglionic parasympathetic fibers is close to the EF, the pain fibers had to be eliminated by chronic denervation before proper stimulation of the parasympathetic pathway alone could be per formed.
MATERIAL AND METHODS

Animals
A total of 31 adult Sprague-Dawley rats of either sex, weighing 250--350 g, were used. In all of the animals, the right proximal nasociliary nerve, carrying pain fibers through the EF to the cerebral vessels, was transected 2 weeks before measurement of blood flow. During opera tion the animals were anesthetized with equithesin 0.3 mIJ100 g body wt i.p. (for composition, see Suzuki et ai., 1988) . A sagittal scalp incision was made near the right orbit. Intraorbital structures were retracted laterally and J Cereb Blood Flow Metab, Vol. 10, No. 3, 1990 the structures in the EF (i.e., the nasociliary nerve, the anterior ethmoidal artery and vein, and the postganglionic parasympathetic fibers from the sphenopalatine ganglion forming a fine membranous structure along the medial orbital wall) were approached. The nasociliary nerve was traced to its proximal intraorbital segment and transected carefully without any injury to other structures. The re tractors were removed and the skin was sutured ( Fig. 1 ).
Laser-Doppler measurement of blood flow
Two weeks after the operation, 16 animals were anes thetized with an intraperitoneal injection of a-chloralose (100 mg/kg; Sigma), whereas 5 were anesthetized with a combination of xylazin chloride (12 mg/kg, Rompun; Bayer) and ketamine hydrochloride (20 mg/kg, Ketalar; Parke Davis) intramuscularly. The femoral arteries were catheterized with polyethylene catheters for recording of systemic arterial blood pressure and for sampling of ar terial blood for blood gas analysis. The femoral vein was catheterized for administration of drugs. Animals used for laser-Doppler flow measurement underwent intratracheal intubation; they were immobilized with alcuronium chlo ride and then connected to a respirator. The heads of the animals were fixed on a stereotaxic frame (model 900; Kopt).
A 2.0-cm midline incision was made in the skull to ex pose the parietal bones. A burr hole of 2.0-mm diameter was made with the use of a dental drill over that part of the cortex supplied by the right middle cerebral artery (in five of a-chloralose-anesthetized animals also on the other side corresponding to the distribution of the left middle cerebral artery), 3 mm lateral to the sagittal suture and 4 mm caudal to the coronal suture. The operation was laser-Doppler flowmeter probe SCG FIG.1. Schematic representation of the measurement of cor tical microvascular blood flow through stimulation of the postganglionic fibers from the sphenopalatine ganglion (SPG). The nerve fibers are stimulated just outside the eth moidal foramen (EF). The nasociliary nerve (NCN), which car ries cerebrovascular trigeminal fibers, had been transected 2 weeks before the stimulation in order to avoid activation of sensory fibers. ACA, anterior cerebral artery; BA, basilar ar tery; GDPN, greater deep petrosal nerve; GEG, geniculate ganglion; GSPN, greater superficial petrosal nerve; ICA, in ternal carotid artery; ICG, internal carotid ganglion; ICN, in ternal carotid nerve; lEA, internal ethmoidal artery (olfactory artery); MCA, middle cerebral artery; PCA, posterior cerebral artery; SCG, superior cervical ganglion; SPB, sphenopala tine branch of the maxillary trigeminal nerve; TG, trigeminal ganglion; VN, vidian (pterygoid) nerve; V1, ophthalmic nerve; V2, maxillary nerve; v3, mandibular nerve; VII, facial nerve.
performed under a Zeiss operation microscope at 16 or 25x magnification. The tip of the drill was cooled with saline in an attempt to maintain ambient temperature, and care was taken to keep a thin inner bone layer intact until final removal with fine forceps in order to avoid thermal or mechanical injury to the surface of the cerebral cortex. The dura mater was carefully incised to expose the brain cortical surface. The body temperature was kept between 37.0 and 37SC with a heating blanket.
The anesthesia was maintained by repeated intrave nous injections of 10 mg/kg of a-chloralose or 5 mg/kg of ketamine. The microvascular blood flow of the right (10 animals) or bilateral (5 animals) parietal cortex was con tinuously recorded by a laser-Doppler flowmeter system (Peri Flux PF2; Perimed, Sweden) with the measuring probe (diameter 2.0 mm) placed on the cortical surface. The minimal gap between the probe and skull bone pre vented outflow of cerebrospinal fluid. The principles for recording tissue surface blood flow with this technique have been described in detail elsewhere (Holloway and Watkins, 1977; Stern et aI., 1977; Nilsson et aI., 1980a,b; Williams et aI., 1980; Damber et aI., 1982; Jones and Mayou, 1982; Eyre et aI., 1988) . The system consists of a measuring head (probe) with a plastic step-index optical fiber (PF 303S) thermostat probe holder that maintains the tissue temperature to a steady level during recording, a laser-Doppler flowmeter (PF2) that generates a 2-mW helium-neon laser (wavelength 632.8 nm) and detects the output signals of the photodetectors, and a multipen re corder (SEI20; Goerz, Metrawatt, Austria). The light in tensity at the tissue surface is below I mW/mm 2 . The tissue included in the measurement consists of a hemi sphere with a radius of � I mm. The output signal from the flowmeter is fed onto a recorder unit, with a time constant of 1.5 s.
[
C]Butanol measurement of cerebral blood flow
To determine values of the regional cerebral blood flow, a radioactive sampling technique was utilized. The theory and technical protocol of the [14C]butanol method have been described in detail by Gjedde et ai. (1980) . Briefly, a total of four rats with unilateral section of the nasociliary nerve were anesthetized by 2.5% halothane inhalation. One femoral artery was catheterized for con tinuous recording of systemic blood pressure and sam pling of arterial blood for blood gas analysis. One femoral vein was catheterized for administration of the tracer. The animals were allowed to recover awake during a min imum of 1 h. When the animals had reached a steady state with P aco2 of 35-40 mm Hg, P a02 of > 100 mm Hg, and mean arterial blood pressure of > 100 mm Hg, 5 f.LCi [14C] butanol in 200 f.LI saline was injected as a bolus into the vein. Arterial blood was drawn into a catheter at a constant calibrated rate for 20 s from the time of tracer injection to allow for integration of the concentration time curve. The animal was then decapitated, and the brain was rapidly removed and frozen on dry ice, fol lowed by dissection at -2SOC of the parietotemporal cor tex regions (tissue wet weight �75 mg). The blood and tissue samples were rapidly transferred to pre weighed counting vials and reweighed. A mixture (1: 1) of Soluene-350 (Packard) and isopropanol at a total volume of 1 ml was added to the blood samples, and 1 ml Soluene alone was added to the brain tissue. On the next day 10 ml of Opthiphase "Hi-Safe" II (LKB) was added, and the ra-dioactivity of each vial was counted in a liquid scintilla tion counter (1214 Rackbeta; LKB).
In the two anesthetized rats (one with a-chloralose and another with ketamine) in which flow had been measured with the laser-Doppler method, flow was also determined with the [14C]butanol technique at the final stage of the experiment, whereas the other six anesthetized animals (three with a-chloralose and three with ketamine) were otherwise untreated. This was performed to determine the absolute values of regional blood flow following elec trical stimulation of the postganglionic nerve fibers under the prevailing state of anesthesia.
Electrical nerve stimulation
The postganglionic nerve fibers of the right sphenopala tine ganglion were approached in the same way as when the nasociliary nerve was transected 2 weeks earlier. The sensory nerve fibers in the nasociliary nerve had now degenerated completely, as checked separately (see Su zuki et aI., 1989b) . The remaining postganglionic para sympathetic fibers entering the EF were stimulated elec trically through a bipolar platinum electrode hooked onto the nerve structures ( Fig. 1) . In three of the animals, these fibers were transected close to the sphenopalatine ganglion 30 min before stimulation to exclude the possi bility of flow changes due to retrograde activation of brain regions via their central origin. The specially designed stimulator (construction: Fredrik Owman) had a minimal impedance, thus overcoming the limited output of com mercially available equipment, and it gave perfectly square-shaped monophasic waves as monitored with an oscilloscope. Two modes of stimulation were tested. The parameters for the continuous electrical stimulation were as follows: 5 V; 0.5-ms impUlse duration; 3, 10,30, or 60 Hz; delivered during a total of 90 s. Also a short high frequency stimulus (bursts) followed by a pause was given repeatedly for 90 s. In this way the effect of burst stimulation at 50 Hz during 0.2 s, followed by an 0.8-s pause (which gave a net frequency of 10 Hz), could be compared to the continuous low-frequency stimulation at 10 Hz. The electrode was isolated from the surrounding structures by liquid paraffin. The blood flow change upon electrical stimulation was reexamined 15 min after intra venous injection of scopolamine 0.3 mg/kg (in three ani mals 1.0 mg/kg) or atropine 0.3 mg/kg (in three animals 1.0 mg/kg). The arterial blood was sampled in a glass capillary tube before, during, and after the electrical stim ulation and was analyzed for blood gases (Po2, Pcoz, pH) by a blood gas analyzer (BMS3 MK2 Blood Microsystem; Radiometer, Copenhagen).
Treatment of data
All blood flow data were expressed as means ± SEM. They were analyzed using Student's t test for compari sons between the different stimulus modalities and the modified t test according to Bonferroni (Wallenstein et al., 1980) for comparisons between control flow and flow at various points of times after the start of stimulation. A p value of <0.05 was considered as significant.
RESULTS
Resting blood flow in animals subjected to transection of nasociliary nerve
No significant difference was observed in the resting parietotemporal CoBF between the dener-vated side (124.5 ± 8.6 ml/toO g/min) and the con trol side (124.8 ± 11.7 mlll00 g/min), as measured with the e4C]butanol method in nonanesthetized animals 2 weeks after transection of the nasociliary nerve.
Blood flow during parasympathetic nerve stimulation
The resting blood flow in parietotemporal cortex ([14C]butanol measurement) in the a-chloralose anesthetized animals was 80.3 ± 4.9 mlll00 g/min (mean ± SEM in cortices from each side in three animals) and 93.7 ± 8.8 mlltoO g/min in the ket amine-anesthetized animals. The flow values in the animals subjected to prior laser-Doppler flow re cording during parasympathetic nerve stimulation under anesthesia with a-chloralose and ketamine were 80.1 and 91.2 ml/toO g/min, respectively.
Laser-Doppler flow measurements
Electrical stimulation of the postganglionic fibers of the sphenopalatine ganglion induced a marked increase of CoBF within the ipsilateral parietal re gion (Table 1; Fig. 2 ), whereas no change was ob served on the contralateral side. Flow began to rise within 1-2 s after onset of the stimulation (5 V, 0.5 ms, 10 Hz). With a-chloralose as the anesthetic agent, the flow reached a maximum increase of 42.5 ± 6.1% at 46 ± 6 s, after which it fell off slightly during the remaining stimulation period. The flow rapidly returned to resting values after stimulation was interrupted; 30 s later only 8.6 ± 3.5% of the increase remained, and no flow increase was seen 50--60 s after cessation. During ketamine anesthesia a maximum flow increase of 43.1 ± 7.0% was ob tained. The flow increase was of the same magni tude in the animals in which the central fiber con nections had been transected beforehand. No sig nificant changes were observed in the mean arterial blood pressure or in the blood gases during or after electrical stimulation (Table 1) .
The CoBF response to stimulation was reexam- ined 15 min after intravenous administration of sco polamine 0.3 mg/kg under a-chloralose anesthesia ( Table 2 ; Fig. 2) . Again, the flow showed a marked rapid increase after the start of the stimulation, reached a maximum (51.6 ± 9.5%) at 40 ± 3 s, and decreased, although slower, after the end of stimu lation. Thus, 30 s after stimulation was ceased, CoBF was still enhanced by 22.7 ± 6.5%. Similar blood flow levels were reached after additional ad ministration of atropine 0.3 mg/kg i.v. in three of the animals (given > 30 min after the previous test, when flow had returned to baseline). The relative increase in flow at 30, 60, and 90 s after the start of electrical stimulation was not significantly different before or after administration of scopolamine (Fig.  2) . Baseline CoBF was not affected by the injection of scopolamine or atropine.
Electrical stimulation of the postganglionic nerve Values are means ± SEM of 10 observations. Animals were under a-chloralose anesthesia. CoBF, cortical blood flow .
G Statistical analysis was made by comparison with control using analysis of variance and a modified t test, p < 0.01. Values are means ± SEM of 10 observations. Animals were under a-chloralose anesthesia. CoBF, cortical blood flow .
a Statistical analysis was made by comparison with control using analysis of variance and a modified t test, p < 0.01.
fibers at different frequencies with a constant volt age, impulse duration, and total stimulus length re vealed that a maximum increase in flow was ob tained at 30 Hz in the control state (47.2 ± 3.2%; eight observations) ( Fig. 3) . After scopolamine ad ministration the maximal increase was obtained at 10 Hz (51.6 ± 9. 5%; eight observations) ( Fig. 3) . When the increase of CoBF was compared between different modes of electrical stimulation, i. e., con tinuous stimulus trains and short bursts with stim ulation at high frequencies, the former type of acti vation gave higher CoBF values than the latter at a net frequency of 10 Hz (Fig. 4) . 
DISCUSSION
The membranous structure between the spheno palatine ganglion and the EF of the rat has been shown to contain nerve fibers storing VIP, ChAT, and neuropeptide Y (Suzuki et aI., 1988 (Suzuki et aI., , 1990a . In fact, this structure constitutes the main nervous pathway in this animal for VIP-and ChAT containing nerves to the cerebral circulation. The nerve fibers to the cerebral vessels run through the EF and within the dura mater of the frontal skull base, as elucidated by a retrograde neuronal tracer technique and in denervation experiments (Suzuki et aI., 1988 (Suzuki et aI., , 1990a . Through the same foramen the nasociliary nerve runs with the major supply of sen sory fibers to the cerebrovascular bed. This nerve contains immunoreactive SP, CGRP, neurokinin A, and galanin (Suzuki et aI., 1990a; N. Suzuki and J. E. Hardebo, unpublished observations) . The nerve therefore had to be sectioned and its periph eral nerve fibers allowed to degenerate in order to provide possibilities for proper selective stimulation of the postganglionic parasympathetic nerves alone.
Elimination of the trigeminal source of SP-, CGRP-, neurokinin A-, and galanin-positive fibers is achieved within 2 weeks after nasociliary nerve transection (Suzuki et aI., 1989a,b) . Miao and Lee, 1989; Suzuki et aI., 1990b) .
1985;
The function of the cholinergic nerves supplying the cerebral blood vessels has been unclear. The va sodilative effect of acetylcholine in vitro is known to require an intact endothelium (Furchgott and Za wadzki, 1980) , whereas the dilative effect of VIP is not dependent upon the endothelium, as demon strated in large cerebral arteries from, e.g., humans (Hardebo et aI., 1985) . When VIP was first shown to be present in nerve fibers supplying the brain vessels, it was also found to be the hitherto stron gest dilator of isolated pial vessels (Larsson et aI., 1976) . This was substantiated in studies of pial ar teriolar diameter in vivo and of cerebral blood flow (McCulloch and Edvinsson, 1980) . There is reason to believe that this peptide is involved in physiolog ical dilator mechanisms in the brain (Duckles, 1986; Lee, 1986) . The present study in the rat demon strates that activation of the postganglionic nerve fibers from the sphenopalatine ganglion to the cere brovascular bed can contribute to blood flow regu lation in brain. Stimulation of these postganglionic fibers caused a marked increase in CoBF, as might be expected from the vasodilative capacity of both acetylcholine and VIP when applied to large cere bral arteries in vitro. Apparently, these nerves do not contribute to flow regulation during resting con ditions, since chronic section did not affect flow in the awake animal. VIP, injected into the brain pa renchyma, has marked metabolic effects in the brain (McCulloch and Edvinsson, 1980) . It has been J Ct'reb Blood Flow Metab, Vol. 10, No. 3, 1990 suggested that VIP provides a local coupling be tween neural activity and regional blood flow (Yaksh et aI., 1987) . There is no anatomical evi dence that the presently studied VIP nerves leave the vessel wall to innervate cells of the brain paren chyma, and it is unlikely that VIP released from these nerves diffuses to the surrounding paren chyma. Thus, the presently observed flow changes in all probability result from direct activation of re ceptors on the vessel wall and are not secondary to enhanced cerebral metabolism.
The anticholinergic agents atropine and scopol amine (which more readily passes the blood-brain barrier) failed to attenuate the CoBF change upon electrical stimulation. The agents were given in ef ficacious doses, since they caused systemic symp toms like tachycardia, and the higher dose used (1 mg/kg) completely blocked a cholinergic response claimed in previous studies on the cerebral circula tion (D'Alcey and Rose, 1977; Aubineau et aI., 1980) . In analogy to the present findings, D' Alcey and Rose (1977) found that the blood flow increase upon stimulation of the GSPN in dog was atropine resistant. The antagonists themselves had no influ ence upon resting flow. This implies that the in crease in CoBF found upon stimulation with the present parameters is not attributable to release of acetylcholine from the parasympathetic nerves (see Duckles, 1986; Lee, 1986) , but probably rather to liberation of VIP and/or some other vasodilative agent(s) stored in these nerves.
There has been a longstanding controversy re garding the source of the parasympathetic innerva tion to the cerebrovascular bed. Cerebral vasodila tation, elicited by electrical stimulation of the facial nerve, was originally described by Chorobski and Penfield (1932) and Cobb and Finesinger (1932) . . It is natural that stimulation or section of preganglionic nerve fibers will result in less pronounced changes in cerebral blood flow than those elicited through interference with the postganglionic fibers.
Recently, an increase in CoBF upon stimulation of the sphenopalatine ganglion has been observed in the rat (Seylaz et al., 1988) . The stimulation caused an increase in flow within the parietal region by �50%, which was assumed to result from excitation of the cholinergic and/or VIP-containing nerves. It is known that the ganglion is traversed by the max illary trigeminal nerve fibers, which contain SP and CGRP. Some of these fibers even encircle VIP-and
ChAT -positive ganglion cells in basket-like arrange ments, probably reflecting innervation of the cells (Suzuki et al., 1989c) . Thus, stimulation of the gan glion itself will most likely produce undesired side (Grider et al., 1985) . Since no atropine/ scopolamine-sensitive CoBF component was ob tained at 10 Hz, this frequency was therefore as sumed to be optimal for stimulating the VIP containing nerves. Several studies indicate that parasympathetic fibers to various organs fire at bursts of high frequency, with quiescence in be tween, rather than at a continuous lower rate (train) (Miolan and Roman, 1974; de Groat et al., 1982; Edwards et al., 1982; Kawamura et al., 1982) .
Therefore, both modes of stimuli were applied. It was found that stimulation with trains caused a larger response than with bursts. 
